Electric arc furnace dust
Introduction
The steel-making industrial sector generates a wide variety of solid wastes, liquid effluents and gaseous emissions in its various processing stages [1, 2] . Major pollutants associated with atmospheric emissions are dust, carbon oxide, nitrogen oxides and volatile organic compounds. The electric arc furnace dust (EAFD) is one of those solid wastes, which is difficult of recycling in the steel-making plant. The most common phases present in this waste are Fe 2 O 3 , FeO, metallic iron (Fe-met), 2FeO-SiO 2 , ZnO, SiO 2 (quartz), 3CaO-2SiO 2 and 4PbO-PbSO [3] . Several works have been dedicated to characterize and to evaluate possible applications for the EAFD [3] [4] [5] [6] [7] [8] [9] [10] [11] . In principle, an alternative of use could be its incorporation, as a byproduct, in conventional clay ceramics for building construction. The incorporation into red ceramic is nowadays an environmentally correct solution for the disposal of a wide range of solid wastes [12] [13] [14] . The natural variability of the clay characteristics, the use of relatively simple processing techniques as well as the relatively low technical performance required for the products, facilitate the presence of a significant amount of impurities introduced in the final structure of the ceramic. Furthermore, the firing stage that reaches temperature in the range between 600 • C and 1000 • C is a fundamental factor to particle consolidation and also plays an important role in reducing environmental effects caused by the waste. In fact, it allows the volatilization of dangerous compounds, as well Este é um artigo Open Access sob a licença de CC BY-NC-ND Este é um artigo Open Access sob a licença de CC BY-NC-ND as changes in the chemical characteristics of materials and inertization of potentially toxic and dangerous compounds through fixation in the vitreous phase. In addition, some types of wastes can also contribute to facilitate the red ceramic fabrication not only by changing the plasticity/workability of the ceramic body, but also by enhancing the technical performance of the ceramic associated with an increase of the mechanical strength and decrease of the water absorption.
The need to find an environmentally correct alternative to recycle the EAFD was one of the objectives of this work. Additionally, the investigation of technical advantages to red ceramics incorporated with this waste was another objective.
Materials and methods
The raw materials used in this work were: (a) one type of steelmaking electric-furnace waste (EAFD) to be incorporated, and (b) two types of significantly different clays to serve as matrices. The EAFD was collected from a steel-making process of an integrated plant from Argentina. The different clays were one from Argentina, denoted as Aclay, and the other from Brazil, denoted as Bclay. The Aclay has illite as the predominant clay mineral. On the other hand, the Bclay is predominantly composed of the kaolinite clay mineral [15] . The raw materials were characterized in terms of mineralogical composition, chemical composition and particle size distribution. The qualitative mineralogical composition of the waste was determined by X-ray diffraction (XRD) in a model URD 65 Seifert diffractometer using Co-K␣ radiation and a 2 interval from 5 • to 60 • at a step of 0.02 • C/s. The chemical composition was carried out by fluorescence spectrometry in a Philips, PW-2400 equipment. The particle size distribution of the raw materials was obtained by sieving and by sedimentation method according to the Brazilian standard [16] .
Ceramic body compositions were then prepared by distinct incorporations of 0, 5, 10, 15 and 20 wt.% of waste into the different Argentinean and Brazilian clays. These compositions were prepared by mixing the proper raw materials in a pan mill for 30 min. The plasticity of the compositions was evaluated by the Atterberg method, which determines the plastic limit and plastic index. Cylindrical specimens with 20.3 mm in diameter and 8.5 mm in thickness were obtained by uniaxial press molding at 18 MPa, dried at 110 • C for 24 h and then fired at 850 • C in a laboratory furnace. The heating rate for the firing procedure was 3 • C/min with 1 h soaking at the maximum temperature. Cooling occurred by natural convection inside the furnace after it was turned off. The specimens were tested for water absorption and diametrical compression. The testing procedures were described elsewhere [17, 18] . In short, water absorption was calculated by measuring the weight gained by the test specimens after placing them in boiling water for 2 h [17] . The mechanical strength was determined by the diametrical compression, the so-called Brazilian disk test [18] , performed on an Instron machine, model 5582, with 0.075 mm/min cross head displacement. Seven specimens were tested for each condition of waste incorporation, which allowed a statistical analysis given by average and standard deviation (error bar) for the value of each technical property. 
3.
Results and discussion In this figure one sees that the waste has several crystalline phases, mainly with the presence of Fe and Zn, which are two of the most abundant constituents of the waste. It should be mentioned that, due to the complex chemical composition of the EAFD, Table 1 , other minority crystalline phases may also exist. However they are not found in Fig. 1 as a result of both the lower intensity and the superposition of the XRD peaks. According to the literature [3] , the chemical composition of EAFD depends on several factors such as the quality of the processed steel scrap, the type of steel being produced, technological requirements, operating conditions and the degree of dust returning to the process. Sofilié et al. [3] reported that the prevailing elements in EAFD display the following concentrations: Fe 10-45%, Zn 2-46%, Pb 0.40-15.14%, Cr 0.2-11%, Cd 0.01-0.30%, Mn 1-5%, Cu < 3%, Si 1-5%, Ca 1-25%, Mg 1-12%, Al 0.1-1.5%, C 0.11-2.36%, S 1.5-2.5%, Na 0.5-1.8%, K 0.35-2.30%. Table 1 shows the chemical composition of the feedstock used for the incorporated red ceramic production. The EAFD is predominantly composed of Fe and Zn compounds that is in accordance to the other determinations above-mentioned. As indicated in the introduction of this work, several complex phases may be present in the EAFD. However, magnetite and zincite seems to be the most common phases associated with Fe and Zn, respectively. In this Table it is observed that the clays present significant differences. The Aclay has higher amount of SiO 2 and lower amount of Al 2 O 3 in comparison with the Bclay. The amount of alkaline oxides in the Aclay is also higher. These characteristics are due to the different mineralogical constitution found in both clays. The Aclay has a predominance of illite and montmorillonite as clay minerals. By contrast, the Brazilian clay, Bclay, has as its main claymineral the kaolinite, according to XRD results previously presented [15] . Fig. 2 displays the particle size distribution of the raw materials. According to Fig. 2 , the EAFD shows a fine particle size with a mean equivalent diameter (d50) of 0.006 mm. The maximum particle size is smaller than 0.2 mm. These characteristics of the EAFD are appropriate for red ceramic processing, which normally uses materials with particle size below 2 mm.
With respect to the clays, it is observed that the Bclay has a finer particle size in comparison with the Aclay. The amounts of clay minerals, i.e., particles with a size lower than 0.002 mm, are approximately of 44% and 23% for the Bclay and Aclay, respectively. The silt fraction, i.e., particles with a size between 0.002 and 0.02 mm, are of 28% and 30% for the Bclay and Aclay, respectively. Finally, the Bclay and Aclay present a sand fraction that is associated with particles with a size between 0.2 and 2 mm of 28% and 47%, respectively. These particles are extremely problematic in the firing stage of the ceramic due to the risk of development of cracks caused by the allotropic transformation of the quartz, which occurs around 573 • C [19] . Fig. 3 presents an extrusion prognostic using the plasticity of the ceramic body compositions [20] . This prognostic is mainly related to the workability and productivity of the green pieces. It can be observed that both clays are located outside the limit of the acceptable region. However, while the Aclay has low plasticity, the Bclay, displays excessive plasticity. These results are related to the different mineralogical constitution of the clays. This figure also reveals that the incorporation of 20 wt.% of EAFD decreases the plasticity of both clays. The incorporation of EAFD is beneficial to the Bclay, displacing its position to the acceptable extrusion region. By contrast, the influence of the EAFD in the plasticity of the Aclay is practically insignificant. In practice, the incorporation of up to 20 wt.% of EAFD should not significantly change the workability of the Aclay.
Figs. 4 and 5 show the water absorption and the diametral compression of the fired ceramic body compositions as a function of the amount of EAFD, respectively. One should observe that the water absorption, Fig. 4 , for all compositions with Bclay is higher than the corresponding with Aclay. This is associated with the general refractory behavior of kaolinitic clays [21] , like the Bclay investigated in this work. With respect to the effect of the EAFD incorporation, it is observed that for the Bclay, within the error bars, the water absorption practically does not change. On the other hand, for the Aclay, the water absorption tends to decrease with EAFD incorporation, notably for the 20 wt.% addition. Probably, the presence of K 2 O in the EAFD could easily formed eutectics with the Aclay due to the higher amount of SiO 2 and lower amount of Al 2 O 3 . Consequently, the liquid phase was generated in higher amount with the Aclay, which helps to make possible a more efficient process of closing the open pores. According to Fig. 5 , it is observed that the compositions with Bclay have higher mechanical strength than that with Aclay composition. In principle, one would expect the opposite to occur due to the lower values of water absorption, i.e., open porosity, of the compositions with the Aclay. This apparent contradictory result may be attributed to the higher amount of free SiO 2 present in the Aclay. It is well known that coarse quartz particles decrease the mechanical strength of the ceramic, owing to their allotropic transformation around 573 • C, which generates cracks [19] . Fig. 3 also shows that, statistically, there is no change in the mechanical strength of the Bclay with EAFD incorporations. By contrast, the Aclay displays significant improvement in its mechanical strength with the amount of incorporated EAFD. This may also be due to the larger amount of liquid phase formed at 850 • C, which proves that the mechanical strength of the ceramic materials is not dependent only on the open porosity. Cracks, close porosity and flaw size, among others, are also other important factors that influence the mechanical performance of brittle materials, such as red ceramics.
Conclusions
In this work, the evaluation of the incorporation of an electric arc furnace dust waste from steel-making plant into clayey ceramics used for civil construction, led to the following conclusions:
• The electric arc furnace dust is predominantly composed of Fe and Zn compounds that act as a non-plastic material during the forming stage of the ceramics by reducing the plasticity of the clayey body. In the case of high plastic clays, such as the Brazilian Bclay, this may be an advantage by adjusting its workability.
• The waste interferes in the physical and mechanical strength of the fired ceramic as result of its mineralogical and chemical composition. It was observed that with a fluxing clay, like the Argentinean Aclay, the waste promoted a better effect on the decrease of the porosity.
• With respect to the mechanical strength, quartz particles, normally present in the clays, display an important role and justify the comparatively lower strength of the incorporated Aclay, in spite of its lower water absorption associated with less porosity.
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